In this paper, a novel control scheme based on the application of a supercapacitor (SC) is proposed for power smoothening and stability improvement of a hybrid energy system (HES) in weak grid conditions. The basic property of fast charging/discharging of the SC is utilized to design the proposed control. In weak grid conditions, the control structure is proposed for power smoothening and DC link voltage regulation with the help of the SC. Moreover, the stability is increased, ripples in voltage are reduced, there is fast dynamic response, and oscillations are damped out under different conditions. In conventional control, voltage controller stability is the main concern under weak grid conditions. On the other hand, the proposed control scheme has independent voltage controller stability in weak grid conditions. Drawbacks of the conventional scheme due to coupling components and large grid impedance in a weak grid are illustrated mathematically. The design and the steady-state stability analysis of the proposed control scheme are explained and compared with the conventional scheme. The HES is modeled and simulated in MATLAB/Simulink to verify the enhanced performance of the proposed scheme. In comparison with the conventional control strategy, the proposed scheme has an improved DC link voltage profile and smoothened power, resulting in the fast dynamic response of the HES connected to the weak grid.
Introduction
In the present scenario, power generation using alternate energy sources is becoming very important because of the sharp rise in consumption, depleting fossil fuels and creating environmental concerns. Under such circumstances, renewable energy sources are the most viable alternatives to meet the future demand globally, but renewable energy sources have their own limitations [1] . Different renewable energy-based configurations such as standalone, grid-connected, and microgrid-based systems have been reported in the literature to ensure continuous, reliable, and quality power supply. The recent literature suggests that a hybrid energy system (HES) connected to a microgrid offers one of the better possible solutions in the present scenario [2] . However, there are many stability and control challenges that need to be addressed [3] . Stability and power quality are the main concerns in a weak grid environment because of the low short-circuit ratio (SCR) and significant grid impedance [4] . Therefore, attention is needed to mitigate the voltage fluctuations and the ripple in power and, at the same time, to improve transients, dynamic response, and stability of the system. The above issues have to be addressed to provide quality power.
In the recent literature, some control strategies are proposed to increase the stability margin and improve * Correspondence: rahulsharma.knit2006@gmail.com power quality under weak grid conditions. Control loop modeling is the most common practice applied to the analysis of the stability of a weak grid-connected inverter [5] . Grid-connected and islanding mode control is discussed to suppress the voltage fluctuation under transition periods, but it compromises steady-state response where ripples are present in the power because of the coupling components [6] . Improved control strategy is proposed for weak grid-connected inverters using adaptive control but system stability is affected where local constant and dynamic AC/DC loads are also connected to the point of common coupling (PCC) [7] . Therefore, different current controllers are implemented, such as repetitive and harmonic resonant controllers used to enhance the stability margin of the inverter connected to a weak grid [8] . If the grid impedance is assumed as a part of the LCL filter, proper damping and stability are improved. However, the grid impedance is a variable parameter and cannot be measured. Therefore, the transient and dynamic responses deteriorate and stability may be lost under the grid impedance fluctuations [9] . Similarly, notch filters are used to design the current control loop for active damping, but the coupling terms make distortion in the current waveform and worsen the power quality [10] . Therefore, the feedforward approach with adaptive control of the parameter adjustment has been provided as a better solution to improving the decoupling of the coupling terms and stability within a weak grid [11, 12] . The grid impedance is considered in the control loop in the analysis of the stability margin, applying the control loop modeling method. However, the parameter design of the coupling terms is difficult. In consequence, the behavior of the system under sudden changes is adversely affected in terms of transient and dynamic responses [13] . Moreover, a weak grid poses challenges to improve the behavior of the transient and dynamic response as well as stability due to the impact of AC bus voltage control on DC link voltage control [14] . Therefore, a weak grid not only adversely affects the regulation of active power by DC link voltage control but also causes interactions between other control loops that affect system voltage dynamics [15] . This paper proposes a novel control scheme to address the problems of a HES connected to a weak grid in different operating conditions. The HES has to be able to provide power in grid-connected as well as standalone conditions for better utilization. The energy storage devices in the HES are used to maintain the DC link voltage constant under standalone/islanding mode only, whereas, in grid-connected mode, no energy storage device is utilized in the system. Unlike conventional control, in this paper, the SC, as an energy storage device, is used to participate in the inverter control of the system connected to the weak grid also.
The proposed scheme maximizes the utilization of the SC by its participation in grid-connected mode. This paper only utilizes the basic property of the SC to design the proposed control. Therefore, the structure and manufacturing differences of the different types of SCs are not within the scope of the paper and are not discussed [16] .
In this paper, the control scheme is proposed, by using a SC in grid-connected mode, to:
1. Increase the stability margin under weak grid conditions. 2. Regulate DC link voltage and achieve better transient and dynamics of the HES.
3. Improve power quality by reducing ripples due to lower order harmonics. This paper is divided into five sections. Section 2 covers the analysis and design of the conventional and proposed control schemes for a HES in weak grid conditions. Section 3 includes the stability analysis of the conventional and proposed control schemes. Section 4 demonstrates the simulation results of the HES in different conditions and provides a comparison of the results with the conventional scheme. Lastly, Section 5 concludes the findings of this study by highlighting the effectiveness of the proposed control scheme.
System description and control scheme
The proposed control scheme, implemented on a HES, consists of a PV panel as a renewable energy source, a SC as an energy storage device, and power electronics converters as power conditioning devices, as shown in Figure 1 . At the PCC, local loads and the grid are connected, where U sabc is grid Thevenin voltage, R g is grid resistance, L g is grid inductance, Z g is grid impedance, i g is injected current into the grid, i c is capacitor current, i inv is inverter side current, i dc is the input current of the inverter, and U gabc is grid voltage at the PCC. Park's transformation is used to transform the stationary reference frame (abc) into the synchronous reference frame (dq0 ). Grid voltage is measured for the feedforward and phase-locked loop (PLL) function.
Conventional control structure for HES connected to weak grid
Conventional control of the grid-connected LCL inverter [18] is shown in Figure 3 to control DC link voltage U dc across capacitance C dc and reactive power. U * dc is the reference DC link voltage, where reference d-axis grid current i * gd is the output of the DC link voltage controller while i * gq is the reference q-axis grid current chosen as zero to regulate reactive power for unity power factor. U * d and U * q , which are the outputs of the grid current control loops, are taken as the voltage references. The impacts of the grid resistance and switching losses are negligible (even resistance is improved by the stability of the control very slightly) in the control scheme [19] . Therefore, switching losses and grid resistance are taken as negligible just to design the proposed control and stability analysis of the inverter under weak grid conditions because resistance and switching losses do not affect the stability of the inverter. In the power circuit, impedance has significant inductive and resistive values and switching loss is also considered. In this modeling, grid voltage is assumed to be sinusoidal and balanced. Transformation of the equations from the stationary to synchronous reference frame has been done using the grid voltage angle as a reference. Now the equations of inverter voltages U d and U q can be written as: Figure 3 . Conventional control scheme for grid-connected inverter.
where L = L 1 + L 2 and ω is the angular frequency. With the help of the feedforward method, the output of the current controller ∆U is added to get reference voltages as:
However, in the grid, where the SCR is less than three and grid impedance is significant and has to be taken into account in order to draw a valid conclusion, also known as weak grid conditions, the conventional control scheme is not appropriate to provide quality power output to be injected into the weak grid due to the reasons analyzed as follows:
1. Under transient response, changes in load/input power would change the grid current to maintain the voltage constant, directly reflected in reference currents as:
where ∆i gd and ∆i gq are the values of current that get added up in the previous grid current values and directly reflected into the reference currents. These changes do not get directly reflected in the feedforward decoupled components −ωLi gq and ωLi gd ; as a result, the dynamic response of the grid current control loop is slow.
2. Voltage controller stability is the main concern in weak grid conditions where the grid impedance is an unknown variable over a wide range and depends on operating conditions. The voltage control loop is the outer loop and the grid current control loop is the inner loop. The bandwidth of the voltage control loop is maintained less than the grid current control loop because the voltage control loop is slower than the current control loop. Therefore, in a weak grid case where the grid impedance is considered, the feedforward decoupled control must compensate for −ωLi gq − ωL g i gq and ωLi gd + ωL g i gd . Therefore, Eqs. (3) and (4) can be written as:
However, L g is unknown grid inductance and therefore cannot be compensated using feedforward decoupled control. As a result, coupling components of grid inductance reduce the current control loop stability margin. Therefore, in the conventional approach, under large values of grid inductance L g , feedforward decoupled control seriously compromises the robustness of the current control loop in weak grid conditions. The stability of the voltage controller is adversely affected due to the dependency of the proportional-integral (PI) controller gain on the inner grid current control loop. Therefore, under large inductance variations, the controller becomes unstable.
3. Steady-state ripples also remain present in the grid current as nonlinear loads inject lower order harmonics at steady state, which the conventional control scheme is not able to suppress. Therefore, grid current at steady state can be written as:
whereî gd andî gq are the steady-state ripple currents. These steady-state ripples reduce the waveform quality of the grid current. Furthermore, ripple current components affect the coupling terms. Now reference voltages can be written as:
As the reference voltages contain the terms −ωLî gq and ωLî gd as per Eqs. (11) and (12), this will interact and worsen the waveform quality of the current and power further. Figure 4 shows the proposed control scheme of the HES for the grid-connected mode. This scheme involves an outer voltage control loop, inner grid current control loop (for d-and q-axis), and inner SC current control loop.
Proposed control structure for HES connected to weak grid
The SC has a fast charging/discharging rate; hence, the dynamic response of the SC control loop is faster than the grid current control loop [20] . Therefore, the SC current control loop is utilized to compensate for transients and steady-state ripples in power. To utilize SC fast dynamic characteristics, the SC current control loop is designed and the developed relations between all control loops are determined by mathematical analysis. Now the reference grid current i * gd is generated by the outer voltage control loop. Furthermore, the reference grid current is separated by the low-pass filter (LPF) into two components as average current component (DC value) i * gd LF and high frequency current component i * gd HF . Therefore, reference grid current can be written as: 
Under transient conditions, reference grid current i * gd contains DC valuei * gd LF and high frequency current component i * gd HF . Now reference power p * g is needed to be injected into the grid for power balancing and DC link voltage regulation, whereas p g is the actual power being injected into the grid and can be written as:
whereas 
Eq. (17) can be rewritten with the help of Eq. (5) as:
Now, as per Eq. (18), the reference power comprises three components to be injected into the grid, which are 
gd HF is the high frequency component, which does not exist in a steady-state condition but must be damped out as early as possible to improve transient response. The grid current control loop cannot damp out the high frequency component; however, the SC current control loop is able to compensate for the high frequency component by its inherent characteristics of fast charging/discharging. Therefore, this component is compensated by the SC. Similarly, the 3 2 U gd ∆i gd LF component is compensated by the grid current control loop, but it takes a long time due to the slow dynamic response of the grid current control loop. Therefore, initially, this component is compensated by the SC current control loop to improve the dynamic response of the voltage control loop.
Under steady-state conditions, ripples are present in the grid current due to lower frequency harmonics. Therefore, the grid current can be written as:
Ripple currents can be extracted by the LPF under the steady state. Ripples are high frequency components, whereas steady-state grid currents are DC values. Therefore,
Steady-state ripple currents inject ripples in the power, which get reflected in the form of ripples in the DC link voltage. These ripples can be damped out by compensating ripple power p ripple with the help of a SC current control loop.
Now the total compensating power p comp needed to compensate for transients and ripples can be written as:
Therefore, SC reference current i * sc can be obtained as:
With the help of Eq. (24), the proposed control scheme is shown in Figure 4 where the output of the SC current control loop generates the switching signal for bidirectional buck-boost converter switches SW 3 and SW 4 while the inner grid current control loops generate the signal to control inverter switches. This proposed control has the risk that if the SC state of charge (SOC) is below the lower cutoff or above the upper cutoff then the proposed control is not able to regulate the DC link voltage properly. Therefore, to avoid such situations, the SOC limits are also used to generate the switching signal of buck-boost converter switches SW 3 and SW 4 . If SOC is greater than 0.9 or below 0.2, then both switches SW 3 and SW 4 are turned off and the proposed control behaves as a conventional control scheme to avoid any adverse effect on the system.
Design and stability analysis

Conventional control scheme
The stability of the conventional control scheme is analyzed by considering voltage control loop bandwidth to be less as compared to inner current control loop bandwidth because the voltage PI controller is tuned based on the inner current control loop. Figure 5 shows the mathematical model of inverter current control connected to the weak grid, which consists of the inner loop proportional regulator and the outer loop PI regulator. Switching frequency f s of the inverter is taken as 10 kHz, where, G c (s) is the gain of the outer loop PI regulator, K p is the gain of the proportional regulator, and K pwm is the gain of the inverter. According to Figure 5 , the closed loop transfer function is:
where
The open loop transfer function of the voltage control loop can be derived as per Figure 6 , where, G v (s)
is the gain of the PI voltage controller and G cl i (s) is the grid current closed loop control gain. can be written as:
Therefore, the open loop transfer function G ol v (s) of the voltage control loop can be written as:
The controllers are designed to achieve high bandwidth and a good stability margin. The parameters of the controller are obtained by diagram-aided method. The diagram-aided method is basically a computer-based single-input, single-output (SISO) tool in MATLAB to obtain the parameters with the help of defining the system transfer function. The SISO tool gives the bode and root locus plot where the poles and zeros can be adjusted to get the desired output and corresponding parameters of the controller [21] . Now the impact of the grid impedance on the stability of the voltage control loop in the conventional scheme is analyzed. The impact of the grid resistance is negligible in the control scheme. Therefore, assuming r g = 0, the effect of L g is studied. When L g = 2 mH, phase and gain margins are 103
• and 8. grid conditions, stability analysis shows that the conventional scheme does not provide good stability margins.
Proposed control scheme
In the proposed control scheme, voltage and grid current control loops are designed and their stabilities are analyzed separately because both loops are independent of each other. The SC current control loop is faster than the grid current control loop; therefore, the voltage control loop is tuned based on the SC current control loop. Figure 8 shows the SC current control loop, where G pi sc (s) is the gain of the PI regulator and G id sc (s)
is the gain of the bidirectional DC/DC buck-boost converter [22] .
Therefore, G pi sc (s) and G id sc (s) can be written as:
Now the closed loop transfer function of SC current control G cl sc (s) can be written as: Therefore, G v (s) and G v dc (s) can be written as:
+ -G p _s c (s )
From Eqs. (31), (32), and (33), the open loop transfer function of the voltage control loop, G ol v (s), can be written as: 
Results and discussion
The proposed control scheme has been implemented in a 100 kW hybrid renewable energy system with a PV panel under weak grid conditions. To demonstrate the performance of the proposed scheme, the system is simulated in MATLAB under different operating conditions. The system parameters are given in the Table. Solar irradiance and load changes are introduced to assess the system performance under different operating conditions. To verify the performance of the proposed scheme, the results under a weak grid are 
discussed and compared with that of conventional control. Figure 12 shows the waveform of variations of irradiance as input to the PV panel. Figure 13 shows the waveforms of DC link voltage with the proposed and conventional control schemes. It is evident that, under transient conditions, the waveform of DC link voltage with the proposed scheme indicates better transient response as DC link voltage regulation is faster and the waveform exhibits relatively smaller oscillations, but in the conventional scheme, the voltage has large oscillations and slow response when being regulated. In Figure 17 , three-phase grid voltages are shown with the proposed and conventional control schemes, where, under transient conditions at 1 s, the grid voltage is constant and the disturbance is negligible with the proposed control scheme, whereas with the conventional control scheme grid voltage is distorted significantly and gets reestablished after a long time. Similarly, in Figure 18 , three-phase grid current waveforms with the proposed and conventional control schemes are shown. The proposed control scheme improves the transient response of grid current and the change in grid current is smooth under a change in operating conditions, but the same is not true with conventional control where the waveform of the grid current is distorted. Phase A grid current is shown in Figure 19 , where the waveforms clearly indicate that the proposed control scheme is able to effectively suppress the ripples while conventional control is not. However, Figure 20 shows the effective control of reactive power to improve the power factor (P.F), where the P.F of the system at PCC is unity. Figures 21 and 22 show the improved performance of the proposed control scheme as compared to the conventional control scheme in quantitative terms using total harmonic distortion (THD) of grid current as the performance parameter. THD in grid current with the proposed scheme is only 0.18%, whereas with the conventional scheme it is 3.71%. In both schemes, however, the THD is within limits as per IEEE standards, but the value of THD with the proposed control scheme is considerably reduced.
Conclusions
A novel control strategy has been proposed to improve power quality with the help of a SC. This paper has designed and analyzed the proposed control scheme to improve the dynamic response of a HES under weak grid conditions. Results of the HES have shown the improved and effective performance under transient as well as steady-state conditions in the weak grid environment. Comparative analysis of results with the conventional control scheme reveals that the transient and dynamic responses are improved considerably with the proposed scheme. Stability and robustness of the voltage as well as grid current controllers are improved under wide variations of grid inductance. Steady-state ripples in grid current are also damped out and hence waveform quality is improved. Besides the weak grid condition, the proposed control scheme has also improved the dynamic response under other operating conditions such as stiff grid, islanding, and overvoltage conditions. The proposed scheme may be extended further to improve the power quality under islanding microgrid environments in future work. 
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